Heparan sulfate (HS) is a linear polysaccharide found in the extracellular matrix (ECM) and on the cell membrane. It plays numerous roles in cellular events, including cell growth, migration and differentiation through binding to various growth factors, cytokines and other ECM proteins. Heparanase (HPSE) is an endoglycosidase that cleaves HS in the ECM and cell membrane. By degrading HS, HPSE not only alters the integrity of the ECM but also releases growth factors and angiogenic factors bound to HS chains, therefore, changes various cellular activities, including cell mobility that is critical for cancer metastasis. Accordingly, HPSE is an ideal drug target for cancer therapeutics. Here, we describe a method for non-reducing end labeling of HS via click chemistry (CC), and further use it in a novel HPSE assay. HS chains on a recombinant human syndecan-4 are first labeled at their non-reducing ends with GlcNAz using dimeric HS polymerase EXT1/EXT2. The labeled sample is then biotinylated through CC, immobilized on a multi-well plate and detected with ELISA. HPSE digestion of the biotinylated sample removes the label and, therefore, reduces the signal in ELISA assay. Non-reducing end labeling avoids the interference in an HPSE reaction caused by any internal labeling of HS. The assay is very sensitive with only 2.5 ng of labeled syndecan-4 needed in each reaction. The assay is also highly reproducible with a Z' > 0.6. Overall, this new method is suitable for high-throughput drug screening on HPSE.
Introduction
Heparan sulfate (HS) glycosaminoglycans are unbranched polysaccharides found in intracellular granules, on cell surfaces and in extracellular matrices (ECMs) and are covalently linked to proteoglycan core proteins (Esko and Lindahl 2001) . HS chains are composed of disaccharide repeating units of uronic acid and N-acetylglucosamine residues that are synthesized by the EXT family of dual glycosyltransferases, enzymes that have both glucuronyltransferase and N-acetylglucosaminyltransferase activities (Busse and Kusche-Gullberg 2003; Breton et al. 2006) . HS chains also contain sulfation domains that are sulfated in certain positions by various sulfotransferases (Xu and Esko 2014) . HS sequesters growth factors, chemokines and morphogens via its sulfation domains, creating a low-affinity storage depot that can modulate extracellular growth factor movement and distribution (Bernfield et al. 1999; Dowd et al. 1999 ). In addition, interactions with HS fragments modulate the activities of various growth factors and enzymes (Bernfield et al. 1999) .
Most HS chains are capped with a GlcA residue at their nonreducing ends (Wu and Lech 2005; Staples et al. 2010) . Previously, it has been shown that the non-reducing ends of the HS chains on recombinant glypican-1 can be extended by EXT1/EXT2 heterodimer (EXT1/2) (Kim et al. 2003) .
Syndecans are a family of HS proteoglycans that are found on cell membranes and in ECM. In particular, syndecan-4 is a selectively enriched and widespread focal adhesion component (Woods and Couchman 1994) and has three HS chains (Gopal et al. 2010) .
HS is degraded by heparanase (HPSE), an endo-β-D-glucuronidase that specifically hydrolyzes HS at its sulfation domains (Goldshmidt et al. 2002; Zetser et al. 2004; Mao et al. 2014) . Moreover, HPSE is released into ECM, where it contributes to the remodeling of HScontaining ECM and basement membranes (Nakajima et al. 1984; Hulett et al. 1999; Vlodavsky et al. 1999) . As ECM provides physical barriers between cells and tissues, HPSE digestion on HS facilitates cell invasion and cancer metastasis (Nakajima et al. 1983; Vlodavsky and Friedmann 2001; Vlodavsky et al. 2008) . In addition, the degradation of HS chains by HPSE at sulfation domains releases HS-bound angiogenic growth factors, such as FGF-2 and VEGF, therefore promotes an angiogenic response (Nadir et al. 2008; Ramani et al. 2013 ). Due to the likely contribution of HPSE activity to metastasis, inhibitors of HPSE are of particular interest in anti-cancer therapies (Pala et al. 2016) .
For the purpose drug discovery, various methods have been designed for HPSE assay. For examples, radioisotope assay (Freeman and Parish 1997; Tsuchida et al. 2004; Ethen et al. 2011) , colorimetric assay (Ahn et al. 2006; Hammond et al. 2010) , fluorescent assay (Schoenfeld et al. 2014 ) and enzyme-linked immunosorbent assay (ELISA) (Behzad and Brenchley 2003) have been reported for HPSE assay. However, these methods either lack sensitivity or are not high-throughput compatible, making drug discovery on HPSE still a big challenge.
Here, we describe a method for non-reducing end labeling of HS and further use it in an HPSE assay. In brief, the HS chains on a recombinant syndecan-4 (rhSynd4) is first labeled with GlcNAz, a clickable analog of GlcNAc, using EXT enzymes and then conjugated to a biotin molecule. The biotinylated rhSynd4 is then used as a substrate for HPSE digestion and the remaining biotinylation on rhSynd4 is detected with ELISA on an anti-syndecan-4 coated plate (Figure 1 ).
Results
Non-reducing end labeling of HS on rhSynd4 for blotting assay Previously, the presence of HS on recombinant rhSynd4 was demonstrated using a radioisotope HPSE assay (Ethen et al. 2011) , where 35 S was incorporated to rhSynd4 using an HS-specific sulfotransferase (Supplementary data, Figure 1 ). The presence of HS on rhSynd4 was also confirmed with mass spectrometry analysis (Mao et al. 2014) . Since HS chains on recombinant glypican-1 can be extended by EXT1/ EXT2 heterodimer (EXT1/2) (Kim et al. 2003) , it might be possible to add GlcNAz residues to the non-reducing ends of HS chains on rhSynd4 as well. As such, a sample of rhSynd4 was then incubated with recombinant EXT1/2 in the presence of UDP-GlcNAz and UDPGlcA, and biotinylated via click chemistry (CC) (Kolb et al. 2001 ). The biotinylated sample was then separated on SDS-PAGE, blotted to a membrane and visualized with streptavidin-HRP as described previously (Wu et al. 2015b ). Indeed, biotinylation was detected in the labeled rhSynd4 (Figure 2) . The biotinylation was then quantitated by the HABA assay (Green 1965) , and it was found that there were 7.7 ± 0.5 biotin molecules on each labeled rhSynd4 molecule. Since syndecan-4 has three HS chains (Gopal et al. 2010) , there must be more than two GlcNAz residues incorporated into each HS chain in average. Fig. 1 . Scheme for using HS non-reducing end-labeled proteoglycan for HPSE assay. There are four steps involved. 1. Non-reducing end labeling of HS chains on rhSynd4 with GlcNAz using EXT1/2 heterodimer. 2. Biotinylation through CC reaction. 3. Digestion of the labeled proteoglycan with HPSE. 4. Immobilization of the digest to an antibody-coated plate. 5. Detection of the biotin through streptavidin-HRP. This figure is available in black and white in print and in color at Glycobiology online.
Non-reducing end labeling of HS on rhSynd4 for ELISA The non-reducing ends of HS chains from various samples are found to be terminated with an unsulfated glucuronic acid residue (Shi and Zaia 2009; Staples et al. 2010; Wu and Lech 2005) . If this is true to the HS chains on rhSynd4, we might be able to add a single GlcNAz residue to these HS chains, which will result in much more uniformed labeling. To this end, rhSynd4 was incubated with EXT1/2 in the presence of only UDP-GlcNAz and further conjugated to biotin via CC. When the biotinylation of the sample was quantitated by the HABA assay, 2.8 ± 0.5 biotin molecules were found on each rhSynd4 molecule, which is consistent to the notion that there are three HS chains per syndecan-4 molecule.
This labeled rhSynd4 was then tested in an ELISA assay. To do that, it was first immobilized to an anti-syndecan-4-coated 96-well plate, and then detected with streptavidin-HRP. The absorbance at 450 nm was read in a plate reader following the protocol of the Syndecan-4 DuoSet kit. When the absorbance was plotted versus the amount of the labeled rhSynd4 (Figure 3 ), a binding curve was obtained with a good linear response region observed under 2.5 ng of rhSynd4.
HPSE assay with the labeled rhSynd4
Since HPSE is an HS-specific endoglycosidase, its action will release the labeled non-reducing ends of HS chains and decrease the signals in the above ELISA assay. Based on this assumption, single GlcNAzlabeled rhSynd4 was then used as a substrate for HPSE assay. In this experiment, 2.5 ng of the labeled rhSynd4 was first digested with an increasing amount of HPSE at 37°C for 20 min, and the undigested rhSynd4 was then detected with ELISA. When the absorbance was plotted versus the amount of HPSE, an enzyme dose curve was obtained (Figure 4) . From the graph, it is noticed that 0.01 ng of HPSE downshifted the OD450 slightly. It is also noticed that 10 ng and 100 ng HPSE digested most of the substrate with 1.85 ng of HPSE at the flexion point of the curve.
HPSE enzyme kinetic study on the labeled rhSynd4
To understand the kinetic mechanism of HPSE, a substrate dose curve was first performed with limiting concentration of the substrate rhSynd4. According to Michaelis-Menten reaction, enzyme reaction velocity is only linear to substrate concentration when substrate is limiting (Supplementary data, Figure 2 ). Indeed, a good linear relationship was observed between the ΔOD450 (difference of OD450 between the controls and HPSE digested samples) and the substrate when rhSynd4 was below 1.6 ng ( Figure 5A ), suggesting that HPSE digestion follows Michaelis-Menton reaction. This conclusion is further strengthened in a time course study, in which a reaction was followed for over 6 h. In this study, a master reaction was initiated and small aliquots were taken out at different time points to detect the remaining biotinylation, which clearly followed an exponential decay equation ( Figure 5B ). Michaelis-Menten reaction predicts that a substrate concentration follows an exponential decay equation when the substrate is limiting (Walsh et al. 2010 ).
Z' factor determination for the HPSE assay
For enzyme inhibitor screening, consistency of an enzymatic assay, which is commonly evaluated by Z′ factor, is a critical parameter. Here, the Z′ factor was determined by comparing the ELISA signals of 10 ng or 100 ng HPSE treated samples to those of no HPSE treated samples. To achieve better separation between the signals for HPSE treated and non-treated samples, HPSE digestion on rhSynd4 proceeded for 2 h. Each digestion was repeated for 32 times, and the OD readouts were then plotted out ( Figure 6 ). The Z′ factor was determined to be 0.668 or 0.676, for 10 ng or 100 ng of HPSEtreated samples, respectively. Since 100 ng HPSE did not have significant improvement on the Z′ factor under the reaction conditions, only 10 ng of HPSE was chosen for the following inhibition assays.
Inhibition assay for HPSE
To demonstrate its suitability for inhibitor screening, HPSE assay was performed in the presence of suramin, a known inhibitor for HPSE (Nakajima et al. 1991) , as well as chondroitin sulfate and heparin that are structurally related to HS (Figure 7) . The EC50 for suramin was determined to be 0.10 µM, which is significantly lower than the 46 µM reported previously (Nakajima et al. 1991) . The reason for this difference is likely due to different assay conditions. While 2.5 ng of rhSynd4 was used in the current assay, 5 mg of HS was used by Nakajima et al. The EC50 for heparin and chondroitin sulfate was determined to be 0.20 µg/mL and 0.63 µg/mL, respectively, which correlates well with the factor that heparin is structurally more closely related to HS than chondroitin sulfate.
Discussion
We have described a new method for non-reducing end labeling of HS, and subsequently applied this method in an HPSE assay. By using non-reducing end-labeled HS as a substrate, this assay avoids any interference on the enzymatic activity of HPSE seen previously with internal labeling strategy. This assay is highly sensitive, as it can detect as little as 0.01 ng of HPSE and uses 2.5 ng of the substrate rhSynd4 in each reaction. This assay is in the format of ELISA and therefore is high throughput compatible. A Z′ factor above 0.6 is also achieved, suggesting that the assay is suitable for drug screening (Zhang et al. 1999 ). This assay may also be used for detecting HPSE activity in biological samples, such as cell extracts or serum (Supplementaary data, Figure 3 ). The principle of this assay can be applied to other glycosaminoglycans and their respective endoglycosidases, such as keratan sulfate and its specific enzyme F. keratolyticus 
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(0.45,1.85 ng) OD450 Fig. 4 . HPSE dose curve on the labeled rhSynd4. Labeled rhSynd4 (5 ng) was first digested with variable amount of HPSE in 20 µL acetate buffer at pH 4.0 for 20 min and then diluted with 180 μL of 1% BSA in PBS and immobilized to a goat anti-human syndecan-4-coated 96-well plate in duplicate (100 μL/well) and detected with ELISA. The average OD450 was then plotted versus HPSE. The 50% cleavage point was determined to be at 1.85 ng of HPSE. This figure is available in black and white in print and in color at Glycobiology online. endo-β-galactosidase (Supplementary data, Figure 4 ). More importantly, this method represents a carbohydrate-based ELISA, which allows more quantitative measurement and detection of interested carbohydrates on biological samples.
By incorporating GlcNAz alone to HS by EXT1/2, we confirmed that the non-reducing ends of these HS chains on rhSynd4 contain GlcA residues at their non-reducing ends. A remaining question is how cells can selectively terminate HS synthesis on GlcA residues.
Another question is whether there are multiple HPSE sites on the HS chains of rhSynd4. Throughout this study, it is found that more than 90% of the labeled HS ends on rhSynd4 can be removed by HPSE (Figures 5, 6 and 7) , suggesting that these HS chains contain at least one HPSE site. As we only detect the removal of the labeled ends of HS chains by HPSE digestion, it is impossible to tell whether there are multiple HPSE sites on each HS chain. On the other hand, from a disaccharide analysis by mass spectrometry, we know that the sulfation level of rhSynd4 is only half of that of HS from bovine kidney (Mao et al. 2014) , suggesting that the frequency of HPSE sits on rhSynd4 may be half of that of the HS from bovine kidney as well.
Material and methods
Recombinant human EXT1/2 (an EXT1 and EXT2 heterodimer), rhSynd4, lumican, B3GNT2, UDP-GlcNAz (also known as UDP-azidoGlcNAc), Syndecan-4 DuoSet kit, suramin, biotinylated alkyne, streptavidin-HRP and 96-well clear plate were from R&D Systems/Biotechne Minneapolis, MN. Biotin DIBO alkyne was from LifeTechnology Grand Island, NY. Chondroitin sulfate, heparin, bovine serum albumin (BSA), ascorbic acid, CuCl 2 , 2-(4′-hydroxyazobenzene) benzoic acid (HABA) and dimethyl sulfoxide were from Sigma Aldrich St Louis, MO. ECL western blotting substrate and avidin were from ThermoFisher Scientific Grand Island, NY. No HPSE, Average OD = 0.997, σ = 0.0997 Fig. 6 . Determine Z' factor for the HPSE assay. Labeled rhSynd4 (2.5 ng) was digested with either 10 ng or 100 ng of HPSE in 100 µL acetate buffer at pH 4.0 for 2 h and then immobilized to a goat anti-human syndecan-4-coated 96-well plate and detected with ELISA. Samples without HPSE digestion were also performed as controls. For statistic purpose, every reaction was repeated for 32 times. The Z' factors were determined between the HPSE-digested samples and the controls. This figure is available in black and white in print and in color at Glycobiology online. 
Non-reducing end labeling HS on rhSynd4
For blotting assay, rhSynd4 was labeled by mixing 5 µg of rhSynd4, 1 nmol of UDP-GlcNAz, 2 nmol of UDP-GlcA, 1 µg EXT1/2 in 25 µL of 25 mM Tris pH 7.5, 150 mM NaCl and 10 mM MnCl 2 at 37°C for 1 h. The incorporated GlcNAz residue was further conjugated to biotin through CC reaction by addition of 5 nmol CuCl 2 , 100 nmol ascorbic acid, 2 nmol biotinylated alkyne to the above reaction in a final volume of 40 µL and further incubation at room temperature for 30 min. Half of the final reaction was subjected to SDS-PAGE according to a method previously described for blotting assay (Wu et al. 2015a) . The other half of the final reaction was run separately and visualized by a silver staining method (Wray et al. 1981) .
For ELISA assay, rhSynd4 was labeled by mixing 20 µg of rhSynd4, 5 nmol of UDP-GlcNAz, 4 µg EXT1/2 in 100 µL of 25 mM Tris pH 7.5, 150 mM NaCl, 10 mM Mn 2+ at 37°C for 1 h. The incorporated GlcNAz residue was further conjugated to biotin through CC reaction by addition of 10 µL of 1 mM biotin DIBO alkyne in dimethyl sulfoxide to the above reaction and further incubation at room temperature overnight. Biotin DIBO alkyne was used here to avoid the toxicity of copper to HPSE assay. For the following HABA assay, another set of biotinylated rhSynd4 samples were prepared and dialyzed into the buffer of 25 mM Tris at pH 7.5 using a dialysis membrane from Spectrumlabs. com with a molecular weight cutoff of 3.5 kDa. The dialysis lasted for 5-16 h with two times of buffer change.
Quantitative measurement of biotinylation of labeled rhSynd4 with HABA assay
The biotinylation of the above dialyzed samples were estimated using the HABA assay (Green 1965) . HABA solution was prepared at 10 mM in 10 mM NaOH and then diluted to working concentration of 0.3 mM with phosphate-buffered saline (PBS) at pH 7.2. Avidin-HABA reagent was prepared by adding avidin to the 0.3 mM HABA solution to a final concentration of 0.5 mg/mL. To perform the HABA assay, the absorbance at 500 nm (OD) of 0.45 mL avidin-HABA reagent was measured before and after the addition of 0.050 mL labeled rhSynd4 (OD 1 and OD 2 respectively) in a 0.5 mL cuvette using a spectrophotometer. The number of biotin per labeled rhSynd4 was calculated as the following: 
ELISA detection of labeled rhSynd4
For ELISA assay, a 96-well plate was first coated with goat antihuman syndecan-4 according to the Syndecan-4 DuoSet kit (Catalog DY2918, R&D Systems). The plate was washed thoroughly in the buffer of 25 mM Tris (pH 7.6), 137 mM NaCl and 0.01% Tween (TBST) according to the manufacturer's instructions before each subsequent step. To detect the labeled rhSynd4, a sample was diluted with 1% BSA in PBS and 100 µL of the dilution was loaded into the coated plate per well. The plate was then incubated at room temperature for 2 h. Subsequent steps for detection follow the instruction of the kit and the plate was finally read in a SpectraMax M5 (Molecular Device) plate reader at 450 nm.
HPSE enzyme dose curve on rhSynd4
HPSE was diluted into a series of concentrations in 50 mM NaAc at pH 4.0. Ten microliter of diluted HPSE was mixed with 10 µL of the labeled rhSynd4 (5 ng) and incubated at 37°C for 20 min, followed by heat inactivation at 95°C and dilution with 180 μL of 1% BSA in PBS. To be consistent with literature (Toyoshima and Nakajima 1999) , pH 4.0 was chosen for HPSE digestion. The remaining biotinylation of the samples was detected with ELISA in duplicate (load 100 μL of the final reaction/well).
Substrate dose curve and time course of HPSE digestion on rhSynd4
For a substrate dose curve, variable amount of labeled rhSynd4 was digested with 100 ng of HPSE in 20 μL of 50 mM NaAc at pH 4.0 for 20 min at 37°C and then heat inactivated and diluted with 180 μL of 1% BSA in PBS. The remaining biotinylation of the samples was detected by ELISA. For a time course study, 50 ng of labeled rhSynd4 was digested with 10 ng of HPSE in 200 μL buffer of 50 mM NaAc at pH 4.0 and aliquots corresponding to 5 ng of rhSynd4 were taken out at different time points and heat inactivated at 95°C. The biotinylation of the aliquots was then detected by ELISA. The OD450 was plotted versus time and fit into the exponential decay equation 
Inhibition of HPSE digestion on labeled rhSynd4
For inhibition study, a variable amount of an inhibitor was first mixed with 10 ng HPSE in 10 µL, and then mixed with 2.5 ng of labeled Synd4 in a final volume of 20 µL in the buffer of 50 mM NaAc at pH 4.0. The mixture was then incubated at 37°C for 2 h followed by heat inactivation. The remaining biotinylation of the samples was detected with ELISA. The data were fit into 4-parameter logistic non-linear regression equation to obtain half maximal effective concentration (EC 50 ).
Z' factor determination Z′ factor was determined based on the definition of Zhang et al. (1999) where σ c+ and σ c− are standard deviations of positive and negative controls, respectively; µ c+ and µ c− are the means of the positive and negative controls, respectively. For each positive control, 2.5 ng of labeled rhSynd4 was digested with 10 ng or 100 ng of HPSE for 2 h at 37°C. For negative control, 2.5 ng of labeled rhSynd4 was not digested with HPSE. All samples were then detected for biotinylation by ELISA.
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Supplementary data are available at Glycobiology online.
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